The regulation and localization of signaling enzymes is often mediated by accessory modular domains, which frequently function in tandems. The ability of these tandems to adopt multiple conformations is as important for proper regulation as the individual domain specificity. A paradigmatic example is Abl, a ubiquitous tyrosine kinase of significant pharmacological interest. SH3 and SH2 domains inhibit Abl by assembling onto the catalytic domain, allosterically clamping it in an inactive state. We investigate the dynamics of this SH3-SH2 tandem, using microsecond all-atom simulations and differential scanning calorimetry. Our results indicate that the Abl tandem is a two-state switch, alternating between the conformation observed in the structure of the autoinhibited enzyme and another configuration that is consistent with existing scattering data for an activated form. Intriguingly, we find that the latter is the most probable when the tandem is disengaged from the catalytic domain. Nevertheless, an amino acid stretch preceding the SH3 domain, the so-called N-cap, reshapes the free-energy landscape of the tandem and favors the interaction of this domain with the SH2-kinase linker, an intermediate step necessary for assembly of the autoinhibited complex. This allosteric effect arises from interactions between N-cap and the SH2 domain and SH3-SH2 connector, which involve a phosphorylation site. We also show that the SH3-SH2 connector plays a determinant role in the assembly equilibrium of Abl, because mutations thereof hinder the engagement of the SH2-kinase linker. These results provide a thermodynamic rationale for the involvement of N-cap and SH3-SH2 connector in Abl regulation and expand our understanding of the principles of modular domain organization.
The regulation and localization of signaling enzymes is often mediated by accessory modular domains, which frequently function in tandems. The ability of these tandems to adopt multiple conformations is as important for proper regulation as the individual domain specificity. A paradigmatic example is Abl, a ubiquitous tyrosine kinase of significant pharmacological interest. SH3 and SH2 domains inhibit Abl by assembling onto the catalytic domain, allosterically clamping it in an inactive state. We investigate the dynamics of this SH3-SH2 tandem, using microsecond all-atom simulations and differential scanning calorimetry. Our results indicate that the Abl tandem is a two-state switch, alternating between the conformation observed in the structure of the autoinhibited enzyme and another configuration that is consistent with existing scattering data for an activated form. Intriguingly, we find that the latter is the most probable when the tandem is disengaged from the catalytic domain. Nevertheless, an amino acid stretch preceding the SH3 domain, the so-called N-cap, reshapes the free-energy landscape of the tandem and favors the interaction of this domain with the SH2-kinase linker, an intermediate step necessary for assembly of the autoinhibited complex. This allosteric effect arises from interactions between N-cap and the SH2 domain and SH3-SH2 connector, which involve a phosphorylation site. We also show that the SH3-SH2 connector plays a determinant role in the assembly equilibrium of Abl, because mutations thereof hinder the engagement of the SH2-kinase linker. These results provide a thermodynamic rationale for the involvement of N-cap and SH3-SH2 connector in Abl regulation and expand our understanding of the principles of modular domain organization.
allosteric inhibitors | protein-protein interactions | macromolecular assembly | population shift | leukemia T yrosine kinases are involved in a wide variety of key signaling processes and are therefore tightly regulated by the cell. Indeed, numerous pathologies, ranging from cancer to neurodegeneration, result from or are associated with deficiencies in kinase regulation. Consequently, these enzymes are a prominent target for novel pharmacological strategies against human disease.
This study focuses on Abelson murine-leukemia viral-oncogene homolog-1 (Abl), which is one of the most ubiquitously conserved tyrosine kinases. Abl is present in all metazoa, where it plays an essential role in processes as diverse as cytoskeleton reorganization, DNA repair, and regulation of apoptosis (1, 2) . Accordingly, when constitutively active forms of Abl are present in normal cells, these are transformed into cancer cells (3) . For example, in human white blood cells, a chromosomal abnormality leads to the fusion of the bcr and abl genes, which together encode for a cytoplasmtargeted deregulated form of Abl; Bcr-Abl interferes with the cell cycle, resulting in uncontrolled cell proliferation, and is the principal cause of chronic myeloid leukemia (CML) (4) .
The architecture of Abl kinases resembles that of other tyrosine kinase families such as Src and Tec (5) . It consists of a Srchomology-3 (SH3) module, which is an interaction domain specialized for recognition of xPxxP sequence motifs; a Src-homology-2 (SH2) module, which recognizes phosphorylated tyrosines; and the catalytic domain, which binds and cleaves ATP, and mediates tyrosine phosphorylation in protein targets. Additional elements in Abl are not conserved in Src or Tec and vary among isoforms. The Abl-1b splice variant, which is our focus, features a long, seemingly unstructured N-terminal extension preceding the SH3 domain, known as the N-cap, which becomes myristoylated posttranslationally. Following the catalytic domain is another long stretch, containing various sequence motifs for DNA or cytoskeleton recognition, among others.
The SH3 and SH2 domains not only function as interaction modules, but also as allosteric inhibitors of the catalytic domain. In autoinhibited Abl, the three domains are assembled into a compact arrangement, in which the SH3-SH2 tandem appears to mechanically clamp the N-and C-lobes of the catalytic domain in an inactive configuration ( Fig. 1A) (6, 7) , without directly occluding the active site. The domain-domain linkers appear to be key elements in this assembly. The SH2 domain docks directly onto the C-lobe of the catalytic domain, whereas its linker to the N-lobe engages the SH3 domain. Simultaneously, the portion of N-cap most proximal to the SH3 domain binds to the short SH3-SH2 connector, while the myristoyl group, at the very N terminus, inserts itself into a hydrophobic cavity within the C-lobe of the catalytic domain. Interestingly, Src-family kinases adopt the same compact domain organization in their down-regulated form (8) , although their equivalent to N-cap serves as a membrane anchor and is not involved in autoinhibition. Instead, a C-terminal extension from the catalytic domain containing a phosphorylated
Significance
There is increasing interest in developing pharmacological strategies to inhibit the allosteric regulatory mechanisms of signaling enzymes. The Abl tyrosine kinase is a prominent target, due to its ubiquitous cellular role and its involvement in cancer. Here, computational and experimental methods are used in synergy to probe the mechanism of the regulatory unit of Abl, whose dual function is to inhibit the enzyme and to mediate its interaction with other signaling proteins. Our results provide insights into the thermodynamic basis for the mechanism of Abl autoinhibition and activation and expand our understanding of the principles that govern modular domain organization.
tyrosine associates with the SH2 module and seemingly locks the complex in the autoinhibited state. Reversible phosphorylation of this C-terminal tail is a major regulatory mechanism of Src family kinases (9, 10) .
Activation of both Src and Abl is enabled by the disengagement or reconfiguration of the intramolecular interactions just described (7, 11, 12) . Regulation can therefore be thought as a reversible equilibrium whereby the SH3, SH2, and catalytic domains are either dissociated or self-assembled in one or more configurations. External factors, such as competing interactions involving one or both regulatory domains, will bias this equilibrium in one or the other direction (13) . For Abl in particular, the significance of this mechanism is underscored by the fact that mutations that impair the correct assembly of the autoinhibited complex, either in the SH3-SH2 tandem or in the domain-domain linkers, confer CML cells with resistance against inhibitory drugs designed to target the catalytic domain of the Bcr-Abl oncogene (14) . This outcome has prompted considerable interest in the mechanisms of allosteric regulation of Abl and other tyrosine kinases and in the development of compounds designed to interfere with these mechanisms (15) (16) (17) (18) (19) .
In this paper, we use molecular simulations, free energy calculations, and differential scanning calorimetry (DSC) to study the determining factors of a necessary step in the assembly of the autoinhibited form of Abl, namely the organization of the SH3 and SH2 domains into a conformation conducive to its association with the SH2-kinase linker (KL). Our results show that the conformational dynamics of the Abl SH3-SH2 tandem are clearly distinct from those of Src and related kinases. This finding enables us to reconcile seemingly contradictory structural and biophysical data on the mechanism of Abl regulation. Our analysis also enables us to formulate a mechanistic hypothesis for the role of the N-cap. Finally, we also examine the impact of activating mutations within the SH3-SH2 unit, particularly in the short connector between the domains.
Results and Discussion
Isolated SH3-SH2 Tandem Switches Between Two Main Conformers.
Experimental and computational studies of SH3-SH2 tandems from several Src family tyrosine kinases, such as Fyn or Hck, have concluded that these constructs can retain the conformation observed in the down-regulated, assembled enzyme, even in the absence of other elements from the kinase (13, 20, 21) . To assess whether the SH3-SH2 tandem from Abl is similar in this regard, we calculated two 500-ns molecular dynamics trajectories, both starting in the inhibitory conformation of the tandem observed in the crystal structure of the inactivated complex-hereafter referred to as the "on" state of the SH3-SH2 clamp (Table S1 ). In the course of these simulations, the internal structure of each domain was very well preserved; on average, the conformation of the backbone deviated from the X-ray structure [root-mean-square-difference (RMSD)] by only ∼0.6 Å. Nonetheless, significant changes in the relative orientation of the two domains were observed throughout the simulations. We monitored these with the two pseudodihedral angles defined in Fig. 1B . The variations in these dihedral angles in the simulation time scale were both very significant (up to ∼180°) and reversible (Fig. 2) . Thus, the initial "on" conformation was not sustained beyond the first 20-50 ns of the simulations, although it could be transiently observed thereafter. Instead, we observed that the tandem frequently adopted an alternative, well-defined arrangement, markedly different from the on conformation.
Further analysis of this alternative arrangement, which we refer to as the "off" or noninhibitory state of the SH3-SH2 clamp, reveals that it closely resembles (RMSD < 3 Å) an existing crystal structure of the isolated tandem (22) , reported several years before that of the inactive, complete enzyme (6) . In this isolated tandem structure (Fig. 3A) , the orientation of the two domains differs drastically (RMSD ∼10 Å) from that seen in the assembled kinase complex. The tandem is also slightly more compact, with . The SH2 domain docks onto the C-lobe of the catalytic domain, whereas the SH3 domain engages the SH2-kinase linker. This inhibitory configuration of the SH3-SH2 tandem is referred to as the on conformer throughout the text. (B) Pseudodihedral angles used to describe the relative orientation of the regulatory domains during the simulations, encompassing residues in the C-terminal β-strand of the SH3 domain, the SH3-SH2 connector, and the N-terminal β-strand of the SH2 domain (Methods). Fig. 2 . Conformational dynamics of the isolated SH3-SH2 tandem in two independent simulation trajectories of 500 ns, initiated in the on conformation. Time series of the pseudodihedral angles defined in Fig. 1 are represented as probability histograms in blocks of 20, 100, and 500 ns (red color equals greater probability). In both trajectories, the tandem switches to the noninhibitory off conformation within 100 ns; in one of them, the tandem switches back to the inhibitory on state, after 400 ns.
several direct contacts between the SH3 and SH2 domains, specifically involving the distal loop of the SH3 domain and the βB-βc, βD′-βc loops of the SH2 domain (Fig. S1 ). By contrast, in the on conformation, there are no direct interactions between these domains; instead, this conformation seems to be stabilized by interactions between the SH3 domain and the SH3-SH2 connector (Fig. S1 ). Two additional trajectories of 500 ns, now initiated in the crystal structure of the off conformer, confirm that the Abl SH3-SH2 tandem exchanges between off and on states within the simulation time scale (Fig. 3B) , with a preference for the former.
To further evaluate the switch-like dynamics of the Abl SH3-SH2 tandem, we set out to verify that the on and off states are minima in its conformational free energy landscape. To calculate this landscape, we used an advanced sampling technique known as bias-exchange metadynamics (Methods). This calculation, based on ∼6 μs of simulation time, confirms that the on and off conformers correspond to the two main energetic minima ( Fig.  4A; Fig. S2A ), separated by a relatively small barrier, of about 4 kcal/mol (Fig. S3) . Moreover, it reveals that the exchange between these two states correlates with a conformational change within the SH3-SH2 connector (Fig. 4A) . Importantly, the off state is more probable than the on state, by approximately fivefold (see Methods for formal definitions); the population of the on state is only ∼8% (±2%).
To our knowledge, the mechanistic significance of the off configuration of the Abl SH3-SH2 tandem has not been readdressed since the determination of the structures of the complete enzyme in the inactive (6) and active (7) states. It is worth noting, however, that diffusion anisotropy measurements by solution NMR had previously indicated that the SH3 and SH2 domains in the Abl tandem have a greater propensity to be in contact than those in tandems from Src kinases (20, 23) , in agreement with our results. Moreover, the off conformation sampled in our simulations is highly consistent with small-angle X-ray scattering (SAXS) measurements obtained for a constitutively active form of Abl, where the regulatory unit is partially disassembled from the catalytic domain (7) (Fig. 5) . Thus, even though this alternative off conformation of the Abl SH3-SH2 regulatory unit might have been perceived as an artifact Comparison of the on and off conformers of the SH3-SH2 tandem (blue and red, respectively), overlaid only using the SH2 domain; the on conformer is shown as seen in the autoinhibited configuration of the Abl complex and viewed from two perspectives. The catalytic domain is shown as orange spheres, and the SH2-kinase linker is shown in cyan. The RMSD between the two conformations of the tandem (considering regions with secondary structure only) is ∼8 Å. The off conformer sampled in our simulations closely resembles a crystal structure of the isolated SH3-SH2 tandem (RMSD, ∼2-3 Å; PDB ID code 2ABL). This alternate conformation does not interfere with the interaction between the SH2 and catalytic domains but appears to be incompatible with the engagement of the SH2-kinase linker by the SH3 domain. (B) Conformational dynamics of the SH3-SH2 tandem in two independent simulation trajectories of 500 ns, initiated in the off conformation. In one of the simulations, the tandem switches to the on conformation after 50 ns, returning to the off state after 100 ns, and switching again to the on conformer after 450 ns. In the second trajectory, the tandem remains in the off state throughout the simulation. Fig. 4 . Conformational free-energy landscapes of (A) the SH3-SH2 tandem, (B) the tandem engaged to the SH2-kinase linker (red), and (C) the tandem engaged to N-cap (green). Each of the free-energy landscapes derives from ∼6 μs of all-atom bias-exchange metadynamics simulations, using five collective variables (Methods). The free-energy landscapes shown derive from projections of the unbiased probability density on two of these variables; i.e., the probability density function is integrated along the other variables. S 1 represents the relative orientation of the SH3 and SH2 domains; S 2 describes the conformation of the SH3-SH2 connector. The integration excludes values in S 3 larger than 1 nm induced by the crystallization process, this and previous studies actually indicate that it is mechanistically relevant.
The structural dynamics of the Abl SH3-SH2 tandem and those in Src-type kinases, therefore, differ significantly. Free energy simulations of the SH3-SH2 tandem from Hck (a close homolog of cSrc) identified a single major conformer, which closely resembles the on state (13); previous studies of Fyn using X-ray crystallography and NMR led to an analogous conclusion (20, 21) . In these kinases, the SH3-SH2 tandem is thus predisposed to adopt conformations conducive to the inactive, assembled form of the enzyme, in which the SH3 domain can readily engage the SH2-KL. The fact that the regulatory tandem of Abl differs in this regard suggests that the assembly of the autoinhibited state involves other elements, as we discuss below.
Engagement of the SH2-KL Requires the On Conformation. Experimental studies of the Abl SH3-SH2 tandem using hydrogen/ deuterium exchange (HDX) measurements have shown that the SH3 domain may bind the SH2-KL even in the absence of other elements of the kinase (24) . Here, we showed that the isolated tandem alternates between two conformational states, referred to as on and off conformations. The former is known to be compatible with the interaction between the SH3 domain and SH2-KL (Fig. 1A) ; however, it is unclear whether this interaction is also feasible in the off conformation, which, as mentioned, is inherently preferred by the tandem.
To address this question, we calculated two additional 500-ns molecular dynamics trajectories of an SH3-SH2 construct that also includes the SH2-KL, bound to the SH3 domain, with the on conformation as the starting point (Table S1) . As Fig. 6A shows, the tandem remained in the initial conformation throughout these simulations (note that spontaneous dissociation of the linker from the SH3 is unlikely to be observed in this time scale). This result is in clear contrast to what we observe for the isolated tandem (Fig. 3) and suggests that the interaction with the SH2-linker would not be viable in the alternate off conformation of the SH3-SH2 unit. Bias-exchange metadynamics calculations of the conformational free energy landscape of this construct support this observation. The calculated landscape, based again on ∼6 μs of simulation time, clearly demonstrates that the off conformer is energetically prohibited ( Fig. 4B;  Fig. S2B ). Instead, we observe a single free energy minimum (population 98%), which corresponds precisely to the on conformation observed in the autoinhibited state of the enzyme (Fig.  1A) . These results clearly indicate that engagement of the SH2-KL has a profound effect on the energetic landscape of the Abl SH3-SH2 tandem.
DSC experiments carried out with SH3-SH2 and SH3-SH2-KL constructs further support this observation. DSC provides direct experimental access to the folding/unfolding partition function, and consequently, the shape of the calorimetric trace provides insights not only on the energetics of the unfolding equilibrium, but also on the mechanism underlying the process. Specifically, the shape of the calorimetric profile of a multidomain protein can provide information on the degree of interaction and conformational cooperativity between domains and on the influence of ligand binding (25, 26) . Thus, to experimentally probe the effect of the kinase linker on the conformational equilibrium of the SH3-SH2 tandem, we measured the temperature dependence of the partial heat capacity of the individual SH3 and SH2 domains, the SH3-SH2 tandem, and the SH3-SH2-KL construct.
Unfortunately, with the exception of the Abl SH3 domain, all other constructs resulted in irreversible thermodynamic transitions under all conditions studied, precluding a quantitative evaluation of the linker binding affinity. Nonetheless, from a qualitative perspective, we observed very revealing differences between the heat capacity profiles of the SH3-SH2 and SH3-SH2-KL constructs (Fig. 6B) . The thermogram obtained with the SH3-SH2 tandem features two peaks, each of which likely corresponding to the unfolding of one domain, based on a comparison with the single-domain thermograms. The SH2 domain appears to be more stable if isolated; nonetheless, we clearly discern two transitions for the tandem, indicating that even though there might be some cooperativity, it is fairly weak. We can conclude, therefore, that in this construct the two domains unfold largely independently of each other.
As mentioned, binding of the SH2-KL to the SH3 domain can take place in the absence of the kinase domain, as previously demonstrated via HDX measurements (24) . Simulated DSC thermograms (SI Text, Table S2) show that if this process was noncooperative, binding would be expected to result in a displacement of the peak corresponding to the SH3 unfolding transition to higher temperatures, whereas the SH2 unfolding (7). The SH3-SH2 tandem is overlaid using the SH2 domain as reference, either in the on or off conformers explored in the simulations (blue and red, respectively). Both models are fitted into a low-resolution envelope (gray mesh) constructed on the basis of SAXS measurements for the same deregulated Abl mutant (7) . It is apparent that the experimental scattering data very likely reflects the SH3-SH2 tandem in the off conformation predicted to be the most probable by our free-energy calculations (when the tandem is disengaged from the SH2-kinase linker and the N-cap). transition would be either unaffected, if the linker were to bind to the off conformer of the tandem (Fig. S4A) , or shifted toward lower temperatures, if the linker binds to the on conformer (Fig.  S4B) . As Fig. 6B shows, however, this is clearly not what is observed experimentally for SH3-SH2-KL construct. The measured unfolding thermogram shows instead a single sharp peak, characteristic of highly cooperative transitions, centered around 55°C, between the peaks corresponding to the isolated domains. Highly cooperative transitions can be expected only if we assume that the SH3 domain cannot engage the KL when the SH2 domain is unfolded. However, as illustrated in Fig. S4 C and D, these peaks are characterized by T m values much higher than that of the SH3-SH2-KL construct (Fig. 6B) . Highly cooperative peaks with T m values comparable to those observed experimentally can be rationalized only in a highly cooperative scenario, as shown in Fig. S4 E and F , in which partially unfolded states of the SH3-SH2 tandem are not significantly populated. Nevertheless, the theoretical range of T m values for these cooperative peaks depends on whether the SH2-KL is assumed to bind to on or off conformation, i.e., the high or low free energy states of the tandem, according to our bias-exchange simulations. In particular, T m values comparable to the experimental observation (Fig. 6B ) are only compatible with two possible scenarios: (i) the SH2-KL binds to the off conformer, albeit with extremely low dissociation constants, in the 10-to 100-mM range (Fig. S4E) or (ii) the linker binds to the on conformation with dissociation constants in the millimolar to micromolar range (Fig. S4F) . Only the latter scenario seems probable, in view of the binding affinities typically observed for poly-proline recognition by SH3 domains (27) .
In summary, the DSC data indicate that the presence of the linker has a profound effect on the structural dynamics of the tandem, coupling the unfolding of the two domains in a fully cooperative manner. Also, from a qualitative perspective, the low T m value of the SH3-SH2-KL transitions suggests a preferential interaction of the linker with the high free energy on conformation, in agreement with the molecular dynamics simulations.
N-Cap Extension Promotes Inactive-Like Conformations. The fact that the SH3-SH2 unit may engage the SH2-KL, as demonstrated by HDX and DSC experiments, indicates that the affinity of this interaction must be sufficiently large to overcome the energy difference between on and off conformers, i.e., to displace the conformational equilibrium of the tandem toward the on conformation. Nevertheless, the formation of this interaction would entail a conformational strain in the tandem, because the off conformer is energetically preferred when the SH3-SH2 unit is disengaged from other elements in the kinase (Fig. 4A) . Such strain is probably minimal in other tightly regulated kinases such as Src or Fyn, in which the SH3-SH2 tandem is biased toward binding-competent conformations. The lack of this conformational drive in Abl suggests a different strategy for the stabilization of the autoinhibited complex relative to other kinases, e.g., a higher affinity between SH3 domain and SH2-kinase linker, the involvement of additional elements in the kinase, or both.
As mentioned above, a key element in the autoinhibition of Src-type tyrosine kinases is a C-terminal extension of the catalytic domain, featuring a tyrosine phosphorylation site. This site is recognized by the SH2 domain in the assembled form of the enzyme, and thus the short C-tail seems to mechanically lock the down-regulated state (8) . Functional studies indicate that the myristoylated N terminus of the Abl N-cap region (in the 1b splice variant) might have a comparable role, because mutant forms that cannot be myristoylated are constitutively active (28) . Indeed, a comparison of crystal structures of autoinhibited and active Abl suggests that binding of the myristoyl moiety to the catalytic domain is required for its C-lobe to adopt a conformation complementary with the SH2 domain interface (6, 29).
The role of the N-cap, however, is not to provide a tight physical link between the SH3 domain and the myristoyl-binding pocket. Most of the N-cap can be deleted without impairing the autoinhibition of the enzyme (28), consistent with the fact that this region is highly disordered in crystal structures (6, 7). However, a ∼20 amino acid fragment of N-cap immediately preceding the SH3 domain in Abl-1b is crucial for proper regulation. In one of the crystal structures of the autoinhibited complex (7), this fragment establishes several direct interactions with the SH2 domain and the SH3-SH2 connector, one of which is mediated by a phosphorylated serine (Ser69). Consistent with this finding, mutation of Ser69 and neighboring residues increases the activation level of the enzyme (28) . We therefore hypothesized that the mechanistic role of this N-cap fragment might be to modulate the structural dynamics of the SH3-SH2 unit, in a manner that promotes the engagement of the SH2-KL and further stabilizes the autoinhibited state.
To assess this hypothesis, we carried out two 500-ns molecular dynamics simulations of an SH3-SH2 construct including the N-cap fragment visible in the experimental structure of the autoinhibited enzyme (Fig. 1A ) (7), and a bias-exchange metadynamics calculation of the free energy landscape of the construct. As illustrated in Figs. 4C and 7A, the results indeed show that the Ncap reshapes the conformational landscape of the tandem so as to favor the on configuration, relative to the off conformer, approximately by a factor of ∼2 ( Fig. 4C; Fig. S2C ) compared with the tandem alone ( Fig. 4A; Fig. S2A ). Specifically, the population of the on state in this construct is now ∼20% (±5%), i.e., approximately two times more likely than in the SH3-SH2 construct with no N-cap. The most likely pathway followed by the domains in the transitions between the states is also not identical, although the calculated free energy barrier is largely unchanged (Fig. S3) . The trajectory data are presented as in Fig. 6 . In A and B, the histograms combine D 1 /D 2 time series for two independent simulation trajectories of 500 ns each, both of which were initiated in the on conformation. A single trajectory was calculated in C.
In the course of these simulations, the interactions mediated by pSer69 with residues Ser145 and His144 (which is positively charged in this case) in the SH3-SH2 connector are preserved. In a second set of two 500-ns simulations, in which we induced the dissociation of the N-cap region by replacing Ser69 with alanine, the SH3-SH2 tandem departed from the on configuration, adopting predominantly the off conformer (Fig. 7B) , consistent with the simulations of the SH3-SH2 construct lacking this N-cap segment (Fig. 2) . By contrast, the structural dynamics of the tandem in a construct including both N-cap (WT) and the SH2-KL is very similar to that observed when only the SH2-kinase linker is bound (Fig. 7C) .
The mechanistic implication of these results is that binding of the N-cap to the SH3-SH2 connector ought to facilitate the engagement of the SH2-KL by the SH3 domain and thus the formation of the autoinhibited complex. This allosteric role, not previously recognized, is in our view not only consistent with the abovementioned functional assays of mutant forms of Abl (28), but also with existing HDX measurements designed to probe the influence of N-cap on the conformational dynamics of the SH3 domain, when in tandem with the SH2 domain (30) . Specifically, Chen et al. (30) reported a twofold increase in the unfolding half-life of the SH3 domain (i.e., an approximate twofold decrease in the rate of deuterium incorporation) when the tandem was coexpressed with the SH2-KL. An almost identical shift (1.9-fold) was measured for a construct containing the N-cap region instead. Inclusion of both N-cap and the SH2-KL, however, extended the half-life 4.6 times. This result was interpreted as evidence of noncooperativity between the interactions with Ncap and the SH2-KL; however, our interpretation of this measurement differs. If the HDX measurements are analyzed using a suitable thermodynamic model (SI Text), it can be shown that an increase in the SH3 domain half-life by a factor of 4.6 could actually imply that N-cap enhances the affinity for the SH2-KL by about twofold (Fig. S5) . This interpretation would be consistent with the calculated increase in the population of the on state when N-cap is included in our simulations.
In summary, our analysis supports a model in which the region of N-cap most proximal to the SH3 domain may bind the SH3-SH2 connector in either of the two main conformers of the tandem, although its affinity for the on conformer is slightly higher. Either way, binding of N-cap introduces a conformational bias in the SH3-SH2 tandem toward the on state, thus relieving the strain associated with the engagement of the SH2-KL, which as mentioned opposes the intrinsic conformational propensity of the tandem. The conformational bias induced by N-cap on the SH3-SH2 tandem is admittedly subtle; however, it should be noted that mutations that disrupt the interaction of N-cap with the SH3-SH2 connector result in kinase activity levels that are only two to six times greater than those of the fully regulated enzyme (7) . Thus, we envisage that these mutations diminish the thermodynamic stability of the assembled complex, i.e., they result in an increased population of partially disassembled, and thus uninhibited, Abl. This subtle perturbation of the regulatory mechanism is not negligible; by comparison, impairment of the interaction between the SH3 domain and the SH2-KL, or deletion of the myristoylated N terminus, lead to an approximate eightfold increase in kinase activity (28) . Thus, the magnitude of the allosteric effect that we propose for N-cap is, in our view, significant.
Mutations in the SH3-SH2 Connector Influence Assembly Equilibrium.
From the data presented thus far and from previous studies (13, 21, 31) , it can be inferred that the connector between the SH3 and SH2 domains in tyrosine kinases is key to determining the relative arrangements of these domains in space, rather than being a simple flexible linker. Indeed, our calculated free energy landscapes for the cAbl SH3-SH2 tandem reveal a clear correlation between the two-state dynamics of the tandem (S 1 variable in Fig. 4) and alternate, well-defined conformations of the connector (S 2 variable in Fig. 4) .
Experimentally, mutations in this region have been shown to result in increased activation levels in both Src and Abl kinases (6, 28) . A plausible interpretation of these observations that has been put forward is that in these mutants the SH3-SH2 unit has a diminished ability to clamp the two lobes of the catalytic domain in the inactive state, even if the complex is assembled (6, 31 ). An alternative, possibly complementary interpretation is that in the mutants the equilibrium between assembled and disassembled forms of the enzyme is shifted toward the latter, i.e., the uninhibited form (13) .
To assess this second interpretation, we set out to study the impact of mutations in the Abl SH3-SH2 connector on the ability of the tandem to engage the SH2-KL. The specific residues to be mutated were selected on the basis of Ramachandran plots extracted from the simulations of the SH3-SH2 tandem presented previously (Fig. S6 ). This analysis shows that the exchange between on and off conformations of the tandem correlates with ϕ/ψ transitions at positions Asn139, Ser140, and Leu141. Thus, two different constructs were studied experimentally and computationally: a triple mutant with Gly residues at these three positions and a single proline mutant at position S140.
The triple glycine substitution leads to a significant decrease in the melting temperature of the SH3-SH2-KL construct, by about 3.5°C, without much change in the overall shape of the thermogram (Fig. 8A) . We interpret this shift to reflect an increased entropic penalty on association of the SH3 domain with the KL, shifting the binding equilibrium toward unbound conformations. Consistent with this interpretation, molecular simulations of an SH3-SH2 construct carrying these mutations demonstrate a marked increase in the conformational entropy of the tandem, relative to the WT, although conformations compatible with the engagement of the SH2-KL by the SH3 domain are still significantly populated ( Fig. 8B; Fig. S6 ).
The substitution of Ser140 by proline has an even more drastic effect. The thermogram for this construct features two peaks and closely resembles the sum of the thermograms measured for the individual domains, suggesting that the association between the SH3 domain and the SH2-KL is more severely impaired (Fig.  8A) . Accordingly, molecular simulations of the tandem reveal that the Ser140Pro mutation induces the tandem to adopt essentially a unique conformation (Fig. 8B ) that is apparently incompatible with the engagement of the SH2-KL (the RMSD relative to the on conformer is >6 Å). In summary, DSC and simulation data provide support to the notion that mutations in the SH3-SH2 connector significantly impair one of the necessary intermediate steps in the assembly of the autoinhibited form of Abl, namely the association of the SH2-KL with the regulatory tandem. It is therefore logical to conclude that this impairment accounts, at least in part, for the increased activation levels observed for such mutants (28) .
Conclusions
Modular domains play a central role in the organization and propagation of signals in protein interaction networks. These modules may function as scaffolds to facilitate the colocalization of signaling enzymes and thus contribute to amplify the relay of signals with the necessary specificity (32) . In many cases, such as tyrosine kinases and phosphatases, tandems of modular domains also function as intramolecular regulatory units, assembling onto the catalytic components and allosterically inhibiting their mechanisms (33) . The emerging paradigm from studies of the structural dynamics of these complexes is that the modular regulatory units have evolved to adopt multiple, well-defined conformations, consistent with their dual functional roles (34) . As for other multidomain proteins, the nature of these conformational states seems to be encoded, at least in part, by seemingly nonstructured linkers between individual modules (35); thus, mutations or posttranslational modifications of these linkers often have a significant effect on activity.
Here, we showed that the SH3-SH2 tandem of the Abl tyrosine kinase is a dynamic two-state switch, alternating between the well-known inhibitory conformation and another configuration in which both the SH3 domain and the PxxP motifs in the SH2-KL are exposed and that seems to correspond to the uninhibited state, according to available SAXS data. We envisage that this alternate conformer, which is also consistent with an existing crystal structure, is likely to mediate interactions of Abl with other proteins. For example, the so-called Abl interactor protein Abi-2, widely expressed in human tissues, is believed to interact with Abl concurrently via its proline-rich amino terminus and its C-terminal SH3 domain, which would engage the Abl SH3 domain and SH2-KL, respectively (36) . Likewise, the SH3 domain of the adaptor protein Crk targets PxxP motifs in Abl (37), while simultaneously, the Abl SH3 domain recognizes a PxxP motif within the Crk SH2 domain (38) .
Our data also indicate that the specific amino acid sequence of the connector between the SH3 and SH2 domains has evolved to restrict the conformational flexibility of the regulatory unit, so that a well-defined set of conformations is favored; mutations in this connector, therefore, are likely to influence the thermodynamic equilibrium between autoinhibited and uninhibited forms of Abl, as was previously proposed for Src family kinases (13) , whose domain architecture is similar to that of Abl. Nevertheless, our simulations reveal subtle differences between Abl and Src kinases. In particular, we find that in Abl, the so-called N-cap complements the SH3-SH2 connector in stabilizing the SH3-SH2 unit in a conformation conducive to the autoinhibited state. This allosteric role is consistent with comparative activity measurements of WT and mutant forms of Abl, as well as with unfolding experiments specifically probing the stabilizing role of the N-cap, according to our own independent analysis of the published data.
In summary, we gained detailed structural and thermodynamic information on the molecular mechanism of regulation of a signaling enzyme of significant biomedical importance, which is also paradigmatic among modular domain proteins. From a methodological standpoint, our study also underscores the potential of computationally distributed, enhanced-sampling simulation methods for the quantitative analysis of conformational exchange processes. We envisage that such methods will surely complement conventional simulation approaches focused on sampling ever-increasing time scales.
Methods
Unbiased Simulations. Molecular dynamics trajectories were calculated with NAMD 2.7b1 (39) and the CHARMM22/CMAP protein force field (40, 41) . The simulation systems (Table S1) were prepared with CHARMM (42) . Each of the constructs was immersed in a truncated-octahedral water box, 75 Å in size, which also included 0.15 M KCl and counter ions to neutralize the net charge of the protein. To optimize the protein-solvent interface, each system was energy minimized with harmonic restraints on protein atoms and crystallographic water molecules and subsequently equilibrated via conventional molecular dynamics simulations, with gradually weaker restraints, over 4 ns. All restraints were then released, and the simulations were continued for up to 500 ns per repeat. All trajectories were calculated at 298 K and 1 atm, using a stochastic thermostat/barostat, and periodic boundary conditions. The integration time step was 2 fs. Electrostatic interactions were computed using the Particle-Mesh-Ewald (PME) algorithm with a real-space cutoff distance at 12 Å; the same cutoff distance was used for van der Waals interactions, modeled with a Lennard-Jones function.
Processing of SAXS Data. The X-ray scattering data reported in ref. 7 for a deregulated, mutant form of Abl was scanned from the published figure  (Fig. 3C , red curve) and used to construct a 3D, low-resolution shape reflecting the most probable conformation of the enzyme. Specifically, we used the simulated annealing procedure in GASBOR (43) to construct 34 alternative shapes consistent with the probability distribution of interatomic distances derived from the scattering data. These shapes were aligned and averaged using DAMAVER (44) . The normalized space discrepancy among these shapes is 1.46 ± 0.045, which is only slightly higher than the value originally reported in ref. 7 (1.362 ± 0.032). The final SAXS envelope shown in Fig. 5 was then obtained from the average shape, using DAMFILT. Alternative conformations of the atomic structure of the SH3-SH2-kinase complex were fitted into the envelope using DAMSUP.
Free Energy Landscapes. All bias-exchange metadynamics calculations were carried out with GROMACS/PLUMED (45, 46) and the CHARMM22/CMAP protein force field, using analogous simulation systems and conditions as above, except for the introduction of a virtual hydrogen scheme, which enable us to use a time step of 4 fs. In bias-exchange metadynamics, a series of concurrent simulations or replicas are carried out in which the protein is adiabatically driven from one conformer to another, through historydependent biasing forces that oppose sampling of conformations previously explored (47, 48) . At a given frequency, attempts are made to exchange the biases accumulated in each replica, using a Metropolis Monte Carlo acceptance criterion, as in other Hamiltonian exchange schemes (49) . Effectively, this procedure results in the flattening of the conformational free energy landscape of the molecular system, and therefore, the protein is eventually able to interexchange between the reference states easily, in all replicas. At convergence, the accumulated biases may be combined and transformed into an unbiased probability distribution, i.e., a free energy landscape. Each of the calculations (Table S1 ) involved 32 simulation replicas and biasing potentials on five collective variables, referred to as D 1 , D 2 , and S 1 -S 3 . Twelve replicas included a metadynamics bias on S 1 and S 2 ; 15 replicas on S 1 and S 3 ; and 4 replicas on D 1 and D 2 . The last replica was unbiased. D 1 and D 2 are pseudodihedral angles defined by the centers-of-mass of the backbone atoms of residues 137, 141, 146, and 150 and residues 134, 137, 141, and 146, respectively (Fig. 1B) . S 1 and S 2 are so-called path collective variables (50) , defined in terms of the RMSD values of a given conformation relative to the two alternate structures of the SH3-SH2 tandem, namely those in PDB ID codes 2ABL and 2FO0. Finally, S 3 measures the orthogonal distance to the straight path between these two conformations (50) . By construction, S 1 and S 3 monitor the relative orientation of the two domains, each defined by the Cα trace of the regions with secondary structure within these domains; S 2 specifically monitors the conformation of the SH3-SH2 connector, defined by the Cα trace of residues 136-145. The normalization factor λ was set to 4 nm −2 for S 1 and S 2 , and to 30 nm −2 for S 3 . Boundary quadratic potentials were used to restrict S 1 and S 3 to values between 1 and 2 and S 3 to values between 0 and 3 nm 2 . To avoid systematic errors in the calculated free en-ergies, a boundary correction scheme was also used at these values, as described previously (51) . In the metadynamics simulations that included the Ncap region or the SH2-KL, distance restraints were applied to a subset of residue pairs (or centers-of-mass) to ensure that these remained bound to the SH3-SH2 tandem. The reference value and for each restrain was derived from the unbiased simulations previously carried out for these constructs. For SH3-SH2-KL, we used the following pairs: Pro149 and Trp118/Trp129; Pro242 and Tyr89/Tyr134; and Val244 and Phe91/Pro131. For NCap-SH3-SH2, we used Ser69 and His144; Trp67 and Trp146/Phe168/Val218; and Leu73 and Val218/Trp146. The time-dependent metadynamics bias was progressively developed over the first 100 ns of simulation time per replica (the filling time), in which the height of the biasing-Gaussians, added every 2 ps, was gradually reduced from 0.5 to 0.1 kJ·mol −1 . The widths of the biasing Gaussians was, however, constant, namely 0.03 (or 0.05 for NCap-SH3-SH2), 0.07 (0.015), and 0.07 nm 2 for S 1 , S 2 , and S 3 , respectively, and 0.3 rad for both D 1 and D 2 . Exchanges between pairs of replica were attempted every 2 ps. On average, the exchange acceptance ratio was ∼30-40% among biased replicas and ∼2-10% between these and the unbiased replica, depending on the construct. The free energy landscapes in Fig. 4 and Fig. S2 were derived from the sampling subsequent to the filling time, namely 106 ns for SH3-SH2, 102 ns for SH3-SH2-KL, and 58 ns for NCap-SH3-SH2, per replica. The derivation followed a methodology previously described (52), using METAGUI (53) . Briefly, the weighted histogram analysis method was used to combine the sampling gathered in all replicas and to derive the global, unbiased free energy landscapes. This calculation requires, for each replica, the biased probability distribution of all microstates in collective-variable space, the time-averaged bias potential accumulated during the simulation (after the filling time) on each microstate, and the variance of this average. The latter was defined as the mean-squared difference between two time averages, each spanning one half of the simulation. For a given microstate and a given replica, the larger the variance, the smaller the contribution of that replica to the unbiased probability of that microstate; for computational convenience, a cutoff in the variance of (8 k B T) 2 was used in the calculation of the weights. To compute the populations of the on and off states cited in the text, the unbiased probability distribution in S 1 -S 3 /D 1 -D 2 was first recalculated in terms of the RMSD with respect to each reference structure, i.e., PDB ID codes 2ABL (RMSD 1 ) and 2FO0 (RMSD 2 ). The probability of the on state is the integral of this 2D function for 0 < RMSD 2 < 4 Å and 6 < RMSD 1 < 10 Å, whereas for the off state is 0 < RMSD 1 < 4 Å and 6 < RMSD 2 < 10 Å. Error estimates were computed as described previously (52) .
Protein Samples. The Abl SH3 domain was expressed and purified as previously described (27) . The full-length Abl-1b gene encoded for Escherichia coli was synthesized and cloned into the pETM-28a plasmid by GeneArt. DNA fragments corresponding to the Abl SH2 domains and to constructs SH3-SH2 (Ser78 to Pro237) and SH3-SH2-KL (Ser78 to Trp253) were subsequently subcloned by Topgenetech into the pETM-11 plasmid (Protein Expression and Purification Core Facility, EMBL), containing an N-terminal 6xHis tag and a tobacco etch virus (TEV) protease cleavage site. SH3-SH2-KL mutants were constructed using the QuikChange site-directed mutagenesis kit from Stratagene. Plasmid-encoded SH2, SH3-SH2, SH3-SH2-KL, and its mutant constructs were expressed in E. coli BL21 (DE3) strain (Novagen). Cells were grown on Luria-Bertani medium at 37°C. Protein expression was induced at OD 600 nm ∼ 0.6-0.8 with 1 mM isopropyl-D-1-thiogalactopyranoside for 12-20 h at 37°C. Cells were resuspended after 10-min centrifugation at 8,346 × g and 4°C in 50 mM phosphate and 0.3 M NaCl, pH 8.0, buffer [column buffer (CB)] and broken with two passes in a French pressure cell. After 30-min centrifugation at 70,409 × g and 4°C, the supernatant was loaded onto a 5-mL NiSepharose column (Pharmacia) equilibrated with CB. The protein was eluted with a solution of CB + 500 mM imidazole. Protein-containing fractions were extensively dialyzed against TEV buffer (50 mM Tris·HCl, pH 8.0, 0.5 mM EDTA, and 1 mM DTT) to eliminate imidazole. The His-tag was hydrolyzed by overnight incubation with TEV protease in the presence of 1 mM ditiothreitol at room temperature. The cleaved proteins were recovered by a second chromatography step on a Ni-Sepharose resin (Pharmacia). Protein purity was checked by SDS/PAGE to be >95%. Finally, the identity and purity of the purified proteins were confirmed by matrix-assisted laser desorption/ionization time of flight experiments carried out at the Center of Scientific Instrumentation of the University of Granada. Samples were concentrated to 0.6-0.8 mg·mL −1 in 50 mM Pipes buffer, frozen in liquid nitrogen, and stored at −80°C. Under these conditions, protein samples were stable for several months. Protein concentration was determined from absorbance measurements at 280 nm using an extinction coefficient of 39,880 M DSC. The heat capacities of all samples were measured as a function of temperature with a high-precision differential scanning VP-DSC microcalorimeter (MicroCal). Samples were prepared by extensive dialysis against a large volume of the appropriate buffer (50 mM Pipes, pH 7.0). All DSC experiments were performed at a scan rate of 1.5 K·min −1 using a protein concentration around 0.6 mg·mL −1 . Protein samples and reference solutions were properly degassed and carefully loaded into the cell to avoid bubble formation. Thermal denaturation scans were recorded from 5-100°C. Samples were cooled down inside the calorimeter and reheated to check the reversibility of the unfolding process at each experimental condition. The DSC thermograms were systematically corrected for the time response of the calorimeter and for the instrumental baseline obtained with both calorimeter cells filled with the corresponding dialysis buffer. After normalization for protein concentration, the partial molar heat capacity curves (C p ) were calculated from the resulting thermograms, assuming a value of 0.73 mL·g
for the partial specific volume of all proteins.
